Abstract. Landscape-scale net ecosystem CO2 exchange (NEE) and the energy balance of a subarctic fen were studied during five growing seasons near Churchill, Manitoba. Interannual variability in NEE was large and ranged from a net sink of-23 5 g CO2 m '2 in 1996 to a net source of +76 g CO2 m '2 in 1994. Annual estimates of CO2 exchange indicate that during the present period the fen is losing carbon nearly 3 times faster than its long-term historical gain of about -11 g CO2 m '2 yr -•. Our estimates suggest that gross ecosystem photosynthesis may be more variable than ecosystem respiration on diurnal, seasonal, and interannual timescales. Our data strongly indicate that an early snowmelt combined with wet and warm conditions during the spring period lead to large carbon acquisition even when drier conditions were experienced over the majority of the growing season. The phenological stage of the vegetation relative to the climatic conditions experienced is an important cause of the interannual variability in NEE. An accurate representation of phenology in climate models is, therefore, critical to the success of forecasting the carbon budgets of northern wetlands.
Introduction
Northern wetlands are an important sink of atmospheric CO2. They contain approximately one third of the total global soil carbon pool [Gorham, 1991] and represent 60% of the carbon currently stored in the atmosphere [Sundquist, 1993] . Stored carbon in northern wetlands is vulnerable to climatic change [Oechel et al., 1993] . General circulation models (GCMs) forecast warming and decreased soil moisture at higher latitudes [Kattenberg et al., 1996] , which will accelerate the decomposition of organic material and the effiux of CO2 to the atmosphere [Billings et al., 1987a; Moore et al., 1998 ]. However, increased carbon acquisition resulting from a longer growing season, warmer air temperatures, and increased nutrient turnover could offset this initial increase in decomposition [Oechel and Billings, 1992] . Northern wetlands therefore represent an important biosphere feedback to global climate through the CO2 -greenhouse effect.
The Hudson Bay Lowland is the second largest contiguous wetland in the world, yet few studies [Neumann et The biophysical processes regulating CO2 exchange in these ecosystems are complex, and identifying the causal mechanism(s) of interannual variability in CO2 flux is difficult to assess. NEE is the difference between the effiux of CO2 resulting from ecosystem respiration (ER) and carbon acquisition through gross ecosystem photosynthesis (GEP). ER is comprised of both heterotrophic soil respiration and autotrophic dark respiration resulting from plant growth and tissue maintenance [Oechel and Billings, 1992 [Billings et al., 1983; Peterson et al., 1984; Oechel et al., 1993 Oechel et al., , 1995 . Plant and root respiration, which may account for 30 to 70% of ER in arctic ecosystems [Semikhatova et al., 1992 ; Silvola et al., 1996; Bhardwaj, 1997 ] is affected by environmental factors such as temperature but is more strongly related to the growth stage of the plant [Semikhatova et al., 1992] . Bubier et al. [1998] have shown that ER accounts for 33% of GEP under high light conditions and that this relationship varies seasonally as soil moisture, surface temperature, and plant phenology change.
Furthermore, ER is affected by the nutrient status of the substrate.
Organic material with higher nutrient levels are decomposed and consumed more rapidly than substrates of poor nutrient quality ]. Vourlitis and Oechel [1997] have shown that that the dependence of GEP and NEE on PAR and temperature is strongly correlated to the seasonal development of these ecosystems. The timing of leafout is a major event in the CO2 balance and is often correlated with a At present, the amount of interannual variability in growing season NEE and its cause is speculative for these ecosystems due to a scarcity in landscape-scale observations. As a result, our understanding of the sensitivity of CO2 exchange to climatic variability for these landscapes is limited. There are two main problems that arise from this limitation. First, estimates of CO2 exchange between northern wetlands and the atmosphere under future climate change scenarios are difficult to quantify, and second the development and validation of carbon exchange models for these environments is lacking. This paper examines the sensitivity of landscape-scale NEE at a subarctic fen to climatic variability during five growing seasons. The variability in NEE is investigated by quantifying the changes in GEP and ER through each of the five seasons and by qualitatively relating these changes to key environmental factors of temperature, precipitation, radiation, water deficit, and soil moisture content.
Photosynthesis in arctic plants

Site and Methods
Research Site
The experimental area is located on the southwestern shore of 
Net CO2 Flux Calculation
The theory' and methodology for calculating the net CO2 flux F,. using gradient techniques has been described previously by Burton et al. [1996] and Schreader et al. [1998] . Fc is derived from the following expression:
where K, is the turbulent transfer coefficient for CO2 and 0pc/Oz is the time-averaged vertical gradient of CO2 concentration. K,. is assumed identical to the turbulent transfer coefficient Kh and is derived from the basic energy balance equations, 
General Climatic Conditions
Growing season climatic differences between each of the years were relatively small in terms of air temperature and precipitation. However, stronger differences were evident for the pregreen, green, and postgreen periods. Each season was warmer than the Churchill 30 year (1965-1994) normal ( Error is given in g CO2 m '2. measurement period. Cumulative NEE was near zero at the end of the pregreen period. The gain of CO2 during the early green period progressed at a rate near the 1996, 1997, and 1998, seasons. However, on DOY 188 (July 7), the net gain of CO2 diminished considerably, and GEP and ER were approximately balanced. During the post-green period, ER was larger than GEP causing a net loss of CO2 to the atmosphere. Approximately 99% of the net CO2 gain occurred during the green period, while all of the net loss of CO2 occurred during the postgreen period. did not develop to its normal potential or that it experienced high mortality rates due to the drier conditions. Precipitation during this period was slightly below normal. Evaporation exceeded precipitation resulting in a large negative cumulative water budget of-134 mm. Volumetric soil moisture was reduced to a minimum of 0.72 (Plate If). 3.3.3. Postgreen period. In general, the post-green patterns of CO2 exchange ( Figure 5 ) indicate a reduction in GEP and the relatively quick transition to dormancy which is most pronounced in the years that experienced dry pregreen conditions. In 1994, the wetland showed a net gain of CO2 for two short intervals during the early morning and late afternoon (Figure 5a 
Seasonal CO2 Exchange Patterns and Environmental
Implications for Climate Change
Atmospheric general circulation models predict warmer temperatures and increased precipitation over subarctic and arctic regions given a doubling of atmospheric CO2 [Kattenberg et al., 1996] . Projected temperatures for the summer range from 1 ø to 4øC, while winter temperatures are predicted to increase 2 ø to 5øC. Coupled GCMs forecast an increase in precipitation. Simulations from a number of models predict an increase of 0-2 mm d '• during the summer months and 0-0.5 mm d '• during the winter months. At the present time it is difficult to conclude with confidence how these climatic changes will immediately affect the net ecosystem exchange of CO2 at high latitudes. This is due to uncertainty surrounding the changes in (1) evaporation rates, (2) active layer deepening, (3) water balance and water table position, and (4) soil moisture content. Rouse [1998] developed a model to explore the potential impact of a 2xCO2 warming on the water balance of the Churchill fen. The model was run with changes in air temperature and precipitation forecast for the Churchill region by a number of GCMs. The scenario employed was an increase in the annual air temperature by 4øC [Mitchell, 1990] and an increase in precipitation of 20% [Maxwell, 1992] 
Conclusions
Growing season net ecosystem CO2 exchange shows large interannual variability, ranging from a net source to a net sink over the 5 years of measurement. Variability results from daily and seasonal changes in the GEP of the mosses and sedges and from changes in soil and plant respiration rates. We hypothesize that GEP is more variable than ER on a daily and seasonal basis. Our evidence suggests that climatic conditions during the pregrowth and pregreen period are critical to the sink/source strength of the wetland over the growing season. The linkage between phenological stage and climatic conditions is important in determining the CO2 sink/source strength, especially during the shoulder seasons. It is therefore imperative that climate models describe phenological stage accurately for this type of landscape. Years that experience a drier than normal spring experience either a loss or near balance exchange of CO2 between the wetland and atmosphere. A comparison of landscape-scale NEE studies from northern latitudes over the last three decades suggests that most wetlands are sequestering considerably less CO2 from the atmosphere when compared to their historical rates and appear to be net sources of CO2 to the atmosphere rather than sinks. Future research efforts need to combine process based chamber studies with landscape scale measurements in order to determine and model the contributions of GEP and ER at the community level. The measurement and modeling of nongrowing season respiration is needed in order to improve our understanding of the annual CO2 budget of northern wetlands.
